We present a vibrational imaging study of axonal myelin under physiological conditions by laser-scanning coherent anti-Stokes Raman scattering (CARS) microscopy. We use spinal cord white matter strips that are isolated from guinea pigs and kept alive in oxygen bubbled Krebs' solution. Both forward-and epi-detected CARS are used to probe the parallel axons in the spinal tissue with a high vibrational contrast. With the CARS signal from CH 2 vibration, we have measured the ordering degree and the spectral profile of myelin lipids. Via comparison with the ordering degrees of lipids in myelin figures formed of controlled lipid composition, we show that the majority of the myelin membrane is in the liquid ordered phase. By measuring the myelin thickness and axon diameter, the value of g ratio is determined to be 0.68 with forward-and 0.63 with epidetected CARS. Detailed structures of the node of Ranvier and Schmidt-Lanterman incisure are resolved. We have also visualized the ordering of water molecules between adjacent bilayers inside the myelin. Our observations provide new insights into myelin organization, complementary to the knowledge from light and electron microscopy studies of fixed and dehydrated tissues. In addition, we have demonstrated simultaneous CARS imaging of myelin and two-photon excitation fluorescence imaging of intra-and extraaxonal Ca 21 . The current work opens up a new approach to the study of spinal cord injury and demyelinating diseases.
INTRODUCTION
The combination of nonlinear optical spectroscopy and scanning microscopy has generated a series of new tools for imaging live cells and tissues with three-dimensional (3D) spatial resolution and large penetration depth (1) . Among these tools, two-photon excitation fluorescence (TPEF) microscopy (2) has been widely used for in vivo imaging (3, 4) . Second harmonic generation microscopy (5) has opened up a new way for probing membrane potential and structural proteins (6, 7) . For molecules that cannot tolerate fluorophore labeling, coherent anti-Stokes Raman scattering (CARS) microscopy (8) (9) (10) permits vibrational imaging of specific molecules in unstained samples. CARS is a fourwave mixing process in which the interaction of a pump field E p ðv p Þ and a Stokes field E s ðv s Þ with a sample generates an anti-Stokes field E as at frequency 2v p ÿ v s (11) . The CARS signal is significantly enhanced when v p ÿ v s is tuned to a Raman band, creating the vibrational contrast. Because of its coherent property, the CARS signal increases quadratically with respect to the number of vibrational oscillators in the focal volume. CARS microscopy has been applied to the study of single bilayers (12) , polymer films (13) , and lipid droplets in adipocyte cells (14) .
In this article, we explore the ability of CARS microscopy to probe axonal myelin in live spinal cord white matter isolated from guinea pigs. Presently, the major tools used for spinal tissue observation are light microscopy and electron microscopy (EM), in which the samples are fixed and stained with toluidine blue or other agents, embedded in paraffin or plastic, dehydrated, and then cut into thin sections. The perturbation to the axon structures by the sample preparation procedure could complicate the data interpretation. One such example is the measurement of the g ratio defined as the ratio of the inner to the outer myelin fiber diameter. It has been pointed out that dehydration may shrink the myelin sheath (16) . Thus the g ratio in the EM might be different from the g ratio of axons in their natural state. Moreover, dynamic processes such as demyelination cannot be followed in real time using fixed tissues. For characterization of injured spinal tissues, it is hard to discriminate whether the observed changes are from the injury or induced by the sample preparation. An approach to imaging live spinal tissues would help us to overcome these difficulties.
The axons in the central nervous system are generally myelinated (15) . The myelin is formed of wrapped oligodendroglial cell membranes and contains ;70% lipid and 30% protein by weight (16) . Raman spectroscopy has been used to measure the spectral profile of myelin lipids without dehydration (17) . However, the sensitivity of Raman microscopy is not adequate for high-speed imaging of live spinal tissues. On the other hand, the high density of CH 2 groups in myelin leads to a large and directional CARS signal without any labeling. Using the resonant CARS signal from CH 2 or H 2 O stretch vibration, we present a systematic imaging study of neuronal myelin under physiological conditions. The potentials of CARS microscopy for studies of spinal cord injury and demyelinating diseases are discussed.
MATERIALS AND METHODS

Sample preparation
Fresh spinal cord samples were isolated from guinea pigs as shown in Fig. 1 A (18, 19) . The spinal cord was first split into two halves by saggital division and then cut radially to separate the ventral white matter from the gray matter. The isolated ventral white matter strip was mounted on a chambered glass cover slip and kept in oxygen bubbled Krebs' solution (NaCl 124 mM, KCl 2 mM, KH 2 PO 4 1.2 mM, MgSO 4 1.3 mM, CaCl 2 2 mM, dextrose 10 mM, NaHCO 3 26 mM, and sodium ascorbate 10 mM, equilibrated with 95% O 2 , 5% CO 2 ). The samples for CARS imaging of axonal myelin were not labeled. The samples for simultaneous CARS imaging of axonal myelin and TPEF imaging of Ca 21 were incubated in a Ca 21 free Krebs' solution that contained 40 mM Oregon green 488 (BAPTA-2, Molecular Probes, Eugene, OR) for 2 h and then washed with normal Krebs' solution (containing 2 mM Ca 21 ) before imaging. The axons in the sample maintained good morphology for at least 10 h in the chamber.
Dioleoyl phosphatidylcholine (DOPC) and dipalmitoyl phosphatidylcholine (DPPC), and cholesterol were purchased from Avanti Polar Lipids (Alabaster, AL) and used without further purification.
CARS and TPEF imaging
A schematic of the microscope is shown in Fig. 1 B. The pump and Stokes beams are generated from two Ti:sapphire oscillators (Mira 900, Coherent, Santa Clara, CA). Both lasers are tunable from 700 to 1000 nm, where water absorption is minimized. The pulse width is 2.5 ps. The corresponding spectral width matches the line width of the CH 2 symmetric stretch Raman band. The two lasers are tightly synchronized (Sync-Lock, Coherent) with an average timing jitter of 100 fs. A Pockels cell is used to lower the repetition rate, which reduces average power but maintains high peak power at the sample. The laser beams are collinearly combined and directed into a laser scanning confocal microscope (FV300/IX70, Olympus America, Melville, NY). A 603 water immersion objective (N.A. ¼ 1.2) is used to focus the excitation beams into the sample. The forward-detected CARS (F-CARS) signal is collected by an air condenser (N.A. ¼ 0.55). The epidetected CARS (E-CARS) signal is collected by the same water immersion objective. The same picosecond laser beams are also used for TPEF imaging. The epi-detected TPEF signal is spectrally separated from the E-CARS signal by a dichroic splitter. Both CARS and TPEF signals are detected with the same type of photomultiplier tube (PMT, R3896, Hamamatsu, Japan). For epi-detection, we have removed the pinhole used for confocal imaging because both CARS and TPEF microscopy provide inherent 3D spatial resolution. All the imaging experiments were conducted at room temperature, 22°C.
To obtain the CARS spectrum of a single myelin sheath, we acquired a series of CARS images of the same axon at different Raman shifts. We fixed the pump wavelength and manually tuned the Stokes wavelength. The CARS intensity at each Raman shift was normalized by the peak power of the Stokes beam.
The polarization sensitivity of CARS was used to characterize the orientation of the lipid and water molecules inside the myelin sheath. The Raman scattering from liquid water is mainly contributed by the symmetric H 2 O stretch vibrational mode (20) . The symmetric CH 2 stretch vibration in lipids gives a strong CARS signal (21) . For the symmetric CH 2 or H 2 O vibration, when the excitation polarization is parallel with or perpendicular to the symmetry axis, the resonant CARS field is contributed by the a 11 or a 33 component of the Raman tensor, respectively. Because a 33 is much smaller than a 11 , the CARS signal is maximized when the dipole of CH 2 or H 2 O is parallel with the excitation polarization, and minimized when the dipole is perpendicular to the excitation polarization. From CARS images of the same sample with x-and y-polarized excitation fields, one can determine the orientation and ordering degree of lipid and water molecules in the myelin. No polarizers were used before the detectors except for the F-CARS signal polarization measurements.
We also acquired the CARS images of a bare coverslip, which only generates nonresonant CARS. The nonresonant signal is independent of molecular orientation and vibration frequency, but varies with the excitation intensity and detection efficiency at different wavelengths. To rule out the dependence of the CARS intensity on the setup, we normalized the CARS signal from the sample with the nonresonant CARS signal from the coverslip.
RESULTS
F-CARS and E-CARS imaging of myelin
The parallel axonal myelin displays a high contrast in both the F-CARS ( Fig. 2 A) and E-CARS ( Fig. 2 B) images. The focal depth is ;100 mm from the bottom of the chamber. The resonant CARS is generated from the stretch vibration of the CH 2 groups inside the myelin sheath. As shown in the intensity profiles below the images, little water background is detected in either F-or E-CARS channels. In most places, the laser beams are focused at the equatorial plane of the axon, where the CARS radiation from myelin sheath predominantly goes forward ( Fig. 2 C) . In this case, the E-CARS signal arises from the back-reflected F-CARS signal by the myelin/fluid interface. The forward CARS signal is partially scattered by the 2-mm-thick spinal tissue. As a result, the average intensity of F-CARS is 18.9 times that of E-CARS when the same high voltage is applied to both detectors. In some places, the laser beams are focused at the top or bottom of the myelin fibers. There the average F-to E-CARS intensity ratio is 2.9, much smaller than the ratio for the equatorial area. Additionally, we observed a number of bright dots near the myelin surface ( Fig. 2 B) . These two observations result from the sensitivity of E-CARS to small objects or interfaces perpendicular to the optical axis (22) . Fig. 2 D shows the maximal CARS intensity as a function of the focal depth. The maximal depth we have reached to obtain a clear contrast of parallel axons is 250 mm. Due to the limited working distance (280 mm) of our objective lens, the signal rapidly drops when the depth is larger than 250 mm. Although the spatial resolutions of a laser-scanning CARS microscope could be measured by using small beads embedded in agarose gel (23) , the values might be different when a tissue sample is dealt with. Therefore, we estimated the resolution of our setup using the same spinal samples under study. The minimal lateral full-width at half-maximum (FWHM) of a single myelin sheath was found to be 0.28 mm in E-CARS images. We approximate this value as the lateral resolution of E-CARS. Because it is difficult to discriminate the upper and lower myelin sheath of a small axon in depth, a large axon was used to determine the axial resolution. The epi-detected lateral and axial FWHMs of a myelin were measured to be 0.56 and 0.85 mm. The myelin thickness is calculated as ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 0:56 2 ÿ 0:28 2 p ¼ 0:49 mm: The axial resolution is estimated to be ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 0:85 2 ÿ 0:49 2 p ¼ 0:70 mm: The spatial resolution for F-CARS is found to be similar.
Spectral profile
The E-CARS spectrum of a single axonal myelin is shown in Fig. 3 . The peak for the symmetric CH 2 stretch vibration appears at 2840 cm ÿ1 , with a resonant signal to nonresonant background ratio of 10:1. Additionally, we observed a weak band at 2930 cm ÿ1 , which was also found in the Raman spectrum of myelinated sciatic nerves (17) . Because this band is much weaker in the multiplex CARS spectrum of DSPC liposomes (21), we assign it to the CH 3 stretch mode of the proteins that constitute 30% of the weight of the myelin sheath.
Polarization characterization of myelin lamellar structure
The concentric lamellar structure of myelin sheath has been established based on the observations of fixed tissues by electron microscopy and x-ray diffraction (16) . With the polarization sensitivity of CARS, we are able to examine the orientation of lipid and water molecules inside the myelin sheath under physiological conditions. Fig. 4 , A and B, show the F-CARS images of y-oriented axons with v p ÿ v s tuned to 2840 cm ÿ1 . The average CARS intensity from the equatorial plane generated with y-polarized beams is 3.53 (60.09) times that with x-polarized beams. We define I k and I ? as the CARS intensities with the excitation polarization parallel with or perpendicular to the myelin length. I k is larger than I ? because the symmetry axis of the CH 2 groups in the equatorial plane of the myelin is perpendicular to the x direction ( Fig. 4 C) . Because the nonresonant background is much smaller than the resonant CARS signal (Fig. 3) , the ratio of I k to I ? measures the ordering degree of the myelin lipids. The average I k =I ? for E-CARS is 2.43 (60.10), smaller than the F-CARS measurement due to the scrambling of the E-CARS polarization. At the top or bottom of myelin, neither E-CARS nor F-CARS is dependent on the excitation polarization because the CH 2 groups there are oriented along all directions in the x-y plane.
With v p ÿ v s tuned to the CARS peak for the symmetric H 2 O stretch vibration at 3200 cm ÿ1 (24), we are able to probe the resonant CARS signal from water molecules inside the myelin sheath. For a y-oriented axon (position 2 in Fig.  5 ), the CARS intensity with x-polarized excitation beams (I ? ) is stronger than that with y-polarized beams (I k ), opposite to the polarization dependence for the CH 2 signal. This proves that the intramyelin water molecules are partially ordered with the symmetry axis perpendicular to that of the CH 2 groups.
The ordering of myelin water is further quantified by the following analysis. I ? is contributed by the nonresonant CARS (E NR ), resonant CARS from isotropic water (E iso ), and resonant CARS from ordered water with orientation along the excitation polarization (E order ), I ? } j E 0 1 E order j 2 . The ordered water does not contribute to I k } jE 0 j 2 : Here E 0 is the addition of E NR and E iso . Because water is a weak Raman scatterer, we have jE 0 j . jE order j: In this case, ðI ? ÿ I k Þ=I k is approximately proportional to 2jE order =E 0 j; which represents the number of ordered water molecules in the excitation volume. As shown in Fig. 5 D, the value of ðI ? ÿ I k Þ=I k is 0.37 for the myelin, indicating the existence of ordered water molecules inside the myelin sheath. For bulk water in the axoplasm area (position 1 in Fig. 5 ) or the interaxon space (position 3 in Fig. 5) , the values of ðI ? ÿ I k Þ=I k are close to zero. We notice that the N-H stretch vibration is also located in the 3200 cm ÿ1 region. To verify the origin of the observed polarization dependence, we incubated the sample with D 2 O and measured the CARS intensities from the myelin sheath at 3200 cm ÿ1 . The value of ðI ? ÿ I k Þ=I k is found to be lowered by four times, indicating that the polarization dependence shown in Fig. 5 is primarily not contributed by the N-H vibration in myelin proteins.
Measurements of g ratio
It has been realized for a long time that the thickness of the myelin sheath is related to the axon diameter (25) . The g ratio, defined as the ratio of the inner diameter to the outer diameter, presents the precise relation between the axon diameter and the myelin sheath thickness. The g ratio has been widely measured by EM studies of fixed tissues. For example, the mean g ratio of optic nerves from a guinea pig was determined to be 0.81 (26) .
The CARS signal from myelin provides a way to measure the thickness of myelin sheath in live tissues. An F-CARS image of parallel axons with various diameters and myelin thickness is shown in Fig. 6 A. The axons with the diameter ,0.53 mm represent a minority ,4% (26) . The lateral resolution of our CARS setup is 0.28 mm. Therefore, most axons can be used to calculate the g ratio. In our experiment, the myelin thickness is measured as the FWHM of the intensity profile across the equatorial plane of the axonal myelin. This also determines the inner and outer borders of each myelin, which are then used to determine the inner diameter a and outer diameter b (Fig. 6 B) . Fig. 6 , C and D, show that the g ratio is 0.68 and 0.63 measured with F-CARS and E-CARS, respectively. These values are in the range between 0.60 and 0.80, the optimal g ratio range for attaining effective internodal spread of current with interspecies variation (27) . Our measurement is smaller than the value from EM studies (g ¼ 0.81). Such difference may arise from the shrinking of myelin sheath during the tissue dehydration process, which reduces the difference between a and b and increases the g ratio consequently. For the same reason, the repeat distance of the myelin lamellar structure measured by EM is smaller than that measured by x-ray diffraction (16) .
The g ratio measured with F-CARS is 8% bigger than that with E-CARS due to the different signal generation mechanisms between F-and E-CARS. Near the inner and outer myelin surface at the equatorial plane, the focusing of the beams is perturbed by the interface, leading to a sharper decrease of the F-CARS signal. On the other hand, E-CARS is more sensitive to interfaces (cf. Fig. 2 ). The combination of the two factors leads to a broader intensity profile ( Fig. 6 E) of myelin sheath in E-CARS than in F-CARS and results in a larger g ratio in F-CARS.
Characteristic structures in single myelin
Besides imaging the highly compact myelin sheath, we are also able to probe the less compact structures including the node of Ranvier and the Schmidt-Lanterman incisure. Fig. 7 A shows the CARS image of a node of Ranvier by which two adjacent segments of myelin on one single axon are separated. In the paranodal region, we have observed the lateral loops where the cytoplasmic surfaces of myelin are not compact and the myelin forming cell cytoplasm is included within the sheath. The axon diameter is ;11 mm in the internodal region and 2 mm in the nodal region, in agreement with EM observations (28) . Although CARS microscopy has the sensitivity to probe single membranes (12, 23) , the signal from a single membrane could be easily buried by the strong contrast from the myelin sheath, making it difficult to obtain CARS contrast for the non-myelinated axon membrane in the nodal region. Fig. 7 B shows the F-CARS image of a Schmidt-Lanterman incisure in which layers of myelin are separated by the cytoplasm of oligodendrocyte cells. The lateral loops in the Schmidt-Lanterman incisure are clearly recognized. When the laser beams were focused at the top or bottom of Schmidt-Lanterman incisures, we observed an annular arrangement that winds through the myelin sheath ( Fig. 7 C) . A similar structure has been visualized by using the monosialoganglioside immunofluorescence (29) . The capability of probing the node of Ranvier and the Schmidt-Lanterman incisure opens up a new way of investigating biological activities in such areas (30) . Fig. 8 demonstrates simultaneous CARS imaging of axonal myelin and TPEF imaging of Oregon green 488, a calcium indicator. The TPEF signal is mainly contributed by the 2.5-ps pump laser beam at 710 nm. In our setup, the lateral and axial resolution for TPEF imaging are 0.45 and 0.85 mm, respectively, measured with 0.2 mm fluorescent beads. As we have mentioned, the lateral and axial resolution of our setup is 0.28 and 0.70 mm, respectively, measured with the intensity profiles of myelin sheath. Therefore, for the myelinated axons with a diameter of a few microns, we are able to visualize the Ca 21 distribution inside and outside of individual axons with their boundary defined by the CARS contrast. The intensity profile below the image exhibits a strong TPEF signal in the extracellular space between the parallel axons, while the intraaxonal Ca 21 is barely detectable. This indicates a much lower free Ca 21 concentration inside the healthy axon than in the extracellular space (31) . 
Simultaneous imaging of myelin and Ca 21
DISCUSSION
New insight into molecular organization of myelin
Most of our knowledge about myelin structures comes from studies done with polarized light microscopy, EM, and x-ray diffraction. The sample fixation and dehydration for light and electron microscopy observations may perturb the myelin structure and composition. For example, it was reported that digitonin needs to be used to preserve cholesterol in dehydrated tissues to produce Maltese cross patterns in polarization microscopy (32) . CARS imaging of myelin sheath in live spinal tissues avoids any perturbation by the sample fixation procedure and permits more accurate measurements of various parameters such as the g ratio. Furthermore, the CARS data provide new insights into the molecular organization of myelin.
Lipid membranes can exist in the liquid disordered (L d ) and the solid ordered (S o ) phases. Incorporation of cholesterol to the bilayer creates a new phase called liquid ordered (L o ) phase for which the lipid chain conformation is close to the S o phase (33) . It is known that the neuronal myelin contains 28% cholesterol and 23% cerebroside in weight (16), the two major lipid components of rafts that reside in the L o phase (34) . Using the polarization sensitivity of CARS (Fig. 4) , the ordering degree of myelin lipids is characterized by the I k =I ? ratio of 3.53. To relate this value with myelin composition, we studied the lipid ordering degree of myelin figures prepared by hydrating a lipid film of controlled composition (35 are in L d , L o , and S o phases, respectively, at room temperature (36) . Our results show that the lipid ordering degree of neuronal myelin (I k =I ? ¼ 3.53) is closest to that of the DPPC/ cholesterol myelin figure (I k =I ? ¼ 4:44) which is in the L o phase. Thus, we anticipate that myelin membranes are principally in the L o phase (or rafts). As an additional evidence, the CARS spectral profile of a single myelin (Fig. 3 ) resembles that of S o phase DSPC liposomes but differs from that of L d phase DOPC liposomes (21) in the 2800-2900 cm ÿ1 region. This also supports that the myelin lipids are in the L o phase whose chain conformation is close to the S o phase (37) . Our result is consistent with the presence of detergentinsoluble glycolipid-enriched complexes in myelin membranes (38, 39) .
We have visualized that water molecules inside the myelin sheath are partially ordered (Fig. 5) , providing direct evidence for the existence of structured water in biological systems. The ordered water produces a hydration force that prevents fusion of lipid bilayers (40) . Despite extensive theoretical studies (41) , it is difficult to selectively probe the membrane hydration water that is usually connected with the bulk water. The thick myelin sheath and the 3D sectioning capability of CARS microscopy permit us to probe the hydration water residing between adjacent bilayers. The ordered water was also observed in lipid onion structures by CARS microscopy (24) .
Properties of CARS microscopy for tissue imaging
Unlike thin samples such as cell culture or polymer films in previous CARS microscopy studies (13, 23) , a tissue sample may significantly change the properties of optical beams due to its complexity (42) . Here we discuss three key issues based on our CARS imaging results.
Spatial resolution
From CARS images of axonal myelin, the lateral and axial resolution of CARS microscopy have been determined to be 0.28 and 0.70 mm. These values are comparable to the values (0.28 and 0.75 mm) measured with 0.2 mm polystyrene bead embedded in an agarose gel (23).
Depth of detection
A large detection depth is critical for visualizing biological activities inside a thick tissue. TPEF microscopy provides larger depth than confocal fluorescence microscopy because it uses near infrared excitation wavelength. One major difference of CARS from TPEF lies in that it uses two collinearly overlapped beams. Optical aberration of the objective lens may scramble the overlap of the two beams focused into a tissue, which limits the depth of CARS imaging. Using the Olympus 603 water objective with a working distance of 280 mm, we are able to obtain nice F-CARS and E-CARS images of parallel axons 250-mm deep into the spinal cord sample. We should be able to increase the penetration depth by using an objective lens with a longer working distance. In addition, the penetration depth can be increased by using longer excitation wavelengths because the CARS signal does not need electronic resonance.
Polarization property
We have characterized the polarization property of CARS signals by using a large-area polarizer above the condenser. The F-CARS anisotropy for a coverslip glass under pure water, glass under a spinal cord sample, and myelin in our spinal cord sample is measured to be 0.99, 0.03, and 0.03, respectively, with v p ÿ v s tuned to 2840 cm ÿ1 . This result indicates that the nonresonant CARS from glass is linearly polarized, but the polarization is totally scrambled after it passes through the tissue. The same process happens to F-CARS from the myelin. The major reason could be the myelin birefringence (43) . On the other hand, the excitation polarization is well preserved when the laser beams are focused at the bottom of the samples. This allows us to analyze molecular orientation in a tissue sample based on the polarization selectivity of CARS ( Figs. 4 and 5 ).
Combination of CARS and TPEF microscopy
TPEF and CARS microscopy have different advantages for neuron imaging. TPEF microscopy permits selective imaging of proteins and ions in neuron tissues (44) with the aid of highly specific probes (45, 46) , while CARS microscopy permits vibrational imaging of membranes without fluorophore labeling. As we have shown in Fig. 8 , combining CARS and TPEF microscopy allows simultaneous imaging of axonal myelin and Ca 21 .
Both femto-and picosecond pulses have been used for TPEF imaging (2, 47, 48) and CARS imaging (9, 49) . To find out the suitable pulse width for combined CARS and TPEF imaging, we calculated the dependence of TPEF and CARS on the excitation pulse width. The theoretical models for computing the TPEF and CARS signals can be found elsewhere (2, 49) . The CARS signal is contributed by the third-order susceptibility that contains a vibrationally resonant and a nonresonant part. As shown in Fig. 9 A, the resonant CARS signal is saturated in the femtosecond region where the excitation spectral width is larger than the Raman line width (typically 10-20 cm ÿ1 ). The TPEF signal intensity is inversely proportional to the pulse duration ( Fig. 9 A) . In the picosecond region (.1 ps), the CARS signal drops faster than the TPEF signal because CARS has a higher nonlinearity. Fig. 9 B shows that the percentage of the resonant signal in the total CARS signal increases dramatically when the pulse duration increases from 100 fs to 1 ps. Then it gradually reaches a plateau after the pulse duration exceeds 2 ps. To produce a high-quality CARS image, one needs a large resonant signal and a high ratio of the resonant signal to the nonresonant background. Therefore, a pulse width around 2.0 ps confers good CARS image quality as well as sufficient TPEF intensity.
Potentials of CARS microscopy for the study of spinal cord injury
Traumatic damage of spinal cord induces the loss of myelin sheath (50, 51) . Although EM studies have provided rich information about myelin morphology under different clinical conditions (15, 52) , it is hard to distinguish whether the observed change is from the injury or from the sample fixation and staining procedure. Additionally, the use of fixed tissues makes it impossible to follow the dynamics of myelin damage. The strong CARS signal from the symmetric CH 2 stretch vibration permits real-time imaging of changes in individual myelin following traumatic, anoxic, or ischemic insults. Moreover, it would be exciting to combine CARS with laser axotomy, in which a high-energy pulse induces ablation of single axons (53, 54) . Then CARS microscopy can be used to visualize neuronal regeneration.
Intracellular Ca 21 accumulation is a key indicator of anoxic, ischemic, or traumatic damage of neurons (55) (56) (57) (58) . Ca 21 dynamics in live cells and nerve fibers have been widely studied by confocal fluorescence and TPEF microscopy with the development of various Ca 21 indicators (31, 59, 60) . With 2.5-ps pulses, we have demonstrated simultaneous CARS imaging of myelin and TPEF imaging of Ca 21 with Oregon green 488 (Fig. 8) . The 3D spatial resolution of CARS and TEPF microscopy confers the capability of mapping Ca 21 distribution inside and outside the axon simultaneously, permitting real-time monitoring of Ca 21 influx into the axons. The reverse operation of the Na 1 -Ca 21 exchanger is considered to be a primary route of Ca 21 entry during axon injury (61) . However, direct observation is still lacking. Combining CARS with TPEF microscopy, we will be able to monitor the Ca 21 entry through the nodal axolemma that is enriched in Na 1 channels. Such an experiment will clarify the scenario of calcium-induced secondary damage.
Potentials of CARS microscopy for the study of demyelinating diseases
Diseases affecting the myelin sheath encompass a wide variety of both clinical and experimental conditions (62) . The pathogenesis of multiple sclerosis and other demyelinating diseases still eludes researchers. The lateral resolution of CARS microscopy is sufficient for measuring the myelin sheath thickness and the g ratio ( Fig. 6 ). Both are important parameters for judging demyelination. CARS microscopy provides a new approach to detecting disorders of myelin. For example, it can be applied to monitor chemically induced demyelination and possible remyelination processes in spinal tissues. Such a study will tell the timescale of demyelination, which cannot be accurately determined by electron microscopy studies of fixed tissues (63) .
In addition, the CARS spectral profile provides information about molecular conformation such as the thermodynamic states of bilayers (21, 64) and the secondary structure of proteins (65) . Using a broadband pulse for the Stokes beam, multiplex CARS microscopy has been implemented on a scanning microscope (21, 64, 66) . The capability of structural characterization can potentially be used to detect the pathology of the axonal myelin sheath (51, 62) .
CONCLUSIONS
We have shown that laser-scanning CARS microscopy permits 3D imaging of neuronal myelin under physiological FIGURE 9 (A) Calculated CARS and TPEF signals as a function of the pulse duration. The resonant CARS signal is calculated from x ð3ÞR ¼ A=½V ÿ ðv p ÿ v s Þ ÿ iG; where A, V, and G are the transition strength, the vibration frequency, and the Raman line half-width, respectively. G is set as 5 cm ÿ1 and v p ÿ v s is tuned to V in the calculation. The nonresonant CARS signal is calculated from x ð3ÞNR ; which is set to be A=3G based on the signal/background ratio (10:1) of the CARS band for the CH 2 stretch vibration (Fig. 3) . The TPEF signal is calculated with a model in the literature (2) . (B) The ratio of the resonant CARS signal to the total CARS signal as a function of the pulse duration. The resonant CARS signal is calculated from x ð3ÞR ; the total CARS signal is calculated from x ð3Þ ¼ x ð3ÞNR 1x ð3ÞR : We assume constant pulse energy and equal pulse widths between the pump and the Stokes beam in the calculation. conditions. We have characterized the molecular orientation and vibrational spectral profile of myelin sheath in live spinal tissues. Our results show that myelin lipids are in the liquid ordered phase, with ordered water residing between adjacent bilayers. We have determined the g ratio of live axons. We have also observed the structure of the node of Ranvier and the Schmidt-Lanterman incisure under physiological conditions. Moreover, we have combined CARS with TPEF imaging for probing the intra-and extraaxonal calcium simultaneously. Our work demonstrates the potential of CARS microscopy for real-time imaging of neuronal myelin under different clinical conditions. CARS microscopy will be an important tool for the study of demyelinating diseases and spinal cord injury. 
